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INTRODUCTION

Fuel cell research at the Institute of Gas Technology began in 1959..
Using the work done by Broers (2) on the molten carbonate high-temperature
fuel cell as a starting point, IGT has concentrated a large portion of its
effort on further development of this system from both a fundamental and an
engineering viewpoint. Background material and earlier work from this labo-
ratory, through 1960, have been described elsewhere (11).

During the past 2 years the research and development effort of IGT on a
natural gas operated, molten carbonate fuel cell system has been in five
areas: i

o Electrode evaluation and design
¢ Paste electrolyte development

¢ Natural gas reformihg

o Battery design and scaleup

¢ IEconomlc evaluation

In this paper the results in these five areas are summarlzed. All flve areas
are strongly interrelated and interdependent, and each combinatlon of elec-
trode, electrolyte, reformer, and battery design glves rise to different
fundamental requirements for one or more of the individual components. Any
glven design will affect the economics of the fuel cell system.

In his economic analysils of domestlic fuel cell systems, von Fredersdorff
(12) has indicated some of the limitations on fuel cell hardware costs. It
has been an important part of this research to establlsh the feasibility of
economlc hardware for natural gas operatlon.

ELECTRODE EVALUATION AND DESIGN

Almost all fuel cell electrodes must possess the same general character-
istlics of high electrocatalytlc activity, good mass transport properties, and
long-term physical and chemlcal stability. In the high-temperature molten
carbonate system, the activity criterion 1s alleviated by the elevated oper-
ating temperatures, and the mass transfer problems are not unlike those asso-
clated with other types of fuel cells. However, the stabllity problems are
In many respects unique because of the properties of the molten carbonate
electrolyte and the operating temperatures.

At IGT a number of different types of electrodes have been studled from
both a structural and chemical viewpoint in the last 2 years., Metal foil,
thin f1lm, sintered powder, and sintered fiber structures have been explored.
Materials used in these investigations have been platinum, nickel, silver,
palladium and alloys of sllver and palladium.

Metal Foil Electrodes

Hydrogen permeable metal foils have been used for some time in conjunc-
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tion with commercial hydrogen purification processes, and much technical
literature on these materials is avallable (4,7). IGT was attractad to the
concept of a metal foll anode early in its program as an expedlent means for
solving two problems associated with the molten carbonate fuel cell, electrode
flooding and corrosion. The first folls studied were alloys of palladium

and silver, of which typical performance 1s shown in Figure 1. Complete de-
talls of the IGT palladium foil fuel cell have been published (9). Since

the anode in this cell is not permeable to the reaction products, the mass
transport processes are very different from those associated with more con-
ventional molten carbonate fuel cellas. A variety of experiments indicated
that the overall anode reaction is strongly limited by the diffusion of
reactlon products, carbon dioxlde and water, away from the electrode. The
fact that diffusion of hydrogen through the foll did not appear to be 1limit-
ing led to experiments with pure palladium foils of poorer hydrogen diffusion
characteristics. Somewhat better cell performance was observed {Figure 1),
although a direct comparison could not be made, because improvements 1n other
cell components were incorporated at the same time.

Silver-palladium diffusion foll electrodes have operated continuously
under 25 ma. per sq. cm. load for over 7 months without ‘apparent damage to
the anodes. Unfortunately, these palladium diffusion foll electrodes are too
expensive for gas industry use. At present other, less expensive, hydrogen
permeable foll electrode materials are being investigated.

Thin Film Electrodes

The use of metal film electrodes 1s economically attractive, especlally
in those cases where noble metals are needed. With semisolid electrolyte
molten carbonate fuel cells 1t is possible to use the electrolyte, which at
suboperating temperature 18 a solid, as the support for applying the thin
film. Electrodes were applied by vacuum deposition and simple pailnting tech-
niques. In the latter, the metal to be deposited exists as a finely dispers-
ed particle in an organic binder. All solutions used for the process were
commerclally avallable.

The filrst experiments were directed toward development of a thin film
silver cathode. The major anticlpated difficulty in this instance was the
dissolution of the silver in the electrolyte. Douglas (5), Broers (3)
and Janz (8) have discussed this problem. Silver film electrodes (0.001 cm.
thick) prepared from commercial silver paints have performed over %000 hours
at 600°C. without apparent loss in performance although some dissolution of
silver in the electrolyte did occur. Tne relatively long lifetime is aiiri-
buted to the fact that the cells were operated at lower temperatures than
those used in the work of others and were continuously under load; the oxy-
gen electrode is always cathodically polarized, suppressing the dissolution

rQ?ct%on. Moreover, cathodes were not physically flooded to any signiticant
extent. :

The successes with the silver film cathodes led to experimentation with

other metals in an effort to develop a similar type of anode structure. ILittle

success was achieved in this area primarily because of electrode flooding.

Results of various experiments are summarized in Table I. The best results
were achleved with vacuum~deposited palladium; however, the cell lifetimes

obtained were only about 300 hours.

Since performance decreases with load, anode flooding could have been
caused elther by carbonate ion transport, or by drag forces exerted on the
electrolyte by the escaping reaction products. However, the reaction prod-
ucts do not cause cathode flooding when they are forced to escape through a
film cathode (by using a foll snode, which 1s impermeable to the reaction
products)}. Hence, flooding must be assoclated with the directlonal character

of ionic transport phenomena. A more detailed investigation of these effects
1s now in progress.
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Sintered Metal Electrodes

Two types of sintered metal electrodes have been investigated: 1) con-
ventional nickel and silver powder electrodes avallable from Clevite Corpora-
tion; and 2) nickel and palladium fiber metal electrodes obtained from Armour
Research Foundation of Illinois Institute of Technology. Early in the study,
i1t was observed that simllar performances were obtained from bulk slntered
silver and silver film cathodes, and further reseaerch with the former was
abandoned in favor of the more economic silver film electrode.

The high cost of palladium foll anodes indicated that a new look at non-
noble metals was required. Early IGT attempts to use sintered nickel powder,
described elsewhere (I1), indicated that severe corrosion problems existed.
The most serious difficulty arises from direct contact of the anode with the
oxygen from the cathode because of air leaksge through the electrolyte. A
second problem arises when .the anode 1s operated at polarizatlion conditions
such that electrochemical consumption of the nickel 1s possible. At 600°C.,
this polarization value 1is about 200 miilivolts below the hydrogen consumption
potential. This phenomenon has been discussed recently in some detall by
Broers (3) for nickel and iron electrodes, and by Bloch (1) for these and
other electrode materials. The most recent IGT experiments with nickel metal
electrodes and improved electrolyte structures have been operated at 500°C.
over 1500 hours at current denslties between 15 and 25 ma. per sq. cm., with-
out serious nickel corrosion. The lower operating temperature alleviates the
direct chemical corrosion problem, but reduces the polarization zone 1n which
the anode can be safely operated.

In order to determine the effect of electrode structure on cell perform-
ance, & number of recent experiments with sintered fiber metal electrodes have
been made. Typlcal results comparing sintered powder and fiber metal elec-
trodes are shown In Figure 2. B3So far, performance of fiber metal electrodes
seems Inferior to that of the sintered powder types. However, the possibll-
1tles of filber metal structures have been only superflcially explored, and
more extensive research is now in progress.

The conclusions concerning electrode development are:

» Hydrogen permeable palladium-silver metal foil electrodes
can be used for long perlods of time (over 7 months) without apparent
deterioration.

» Thin f1lm silver cathodes, at 600°C., are relatively stable
and make excellent low-cost structures for the molten-carbonate type
fuel cell. ’

‘ » Thin film anode structures are unstable, becoming rapidly
flooded in proportion to the current drain on the cell.

» Sintered powder nickel anodes can be operated for at least
1500 hours without appreciable corrosion under  the proper conditions.

PASTE ELECTROLYTE DEVELOPMENT

In molten carbonate fuel cells, the electrolyte can exist: 1) as & free
1iquid between appropriate electrode structures; 2) contained in a presintered
porous inert matrix; 3) mixed with an inert powder to form a pasty structure
asbove the melting polnt of the carbonate mixture. Because of technological
problems assoclated with sealing, stablilty, contacting, snd fabrication
technlques, the first two approaches have been.abandoned in favor of the paste
electrolyte. )

Paste electrolytes for the molten carbonate fuel cells can be prepared
by cold-pressing, hot-pressing, hot Injection or extrusion, and other special
techniques, some of which have been described in some detall by other workers
(10). 'In this paper, only variations in cold-pressing techniques will be
explored, since these constltuted the bulk of the IGT effort.

Binary and ternary eutectics of sodium-1ithium carbonates and sodium-
lithlum-potassium carbonates were used in all experiments. The ternary
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eutectic melts at about 100°C. below the binary mixture, and thus allows the
construction of lower temperature cells. Typical 1000-cycle cell resis-
tivities of 9 and 7 ohm-cm. were obtalned for 50 weight % mixtures of terna-
ry carbonate in magnesium oxide at 500° and 600°C., respectively. Thirty
welght % mixtures of binary carbonate eutectic exhibited cell resitivities
in the neighborhood of 11 ohm~cm. at 600°C. For the most part, cell resist-
ances were dependent only on electrolyte mixtures and not on the electrode
structure employed. -

The electrolyte matrix employed was determined by the anode structure.
In the case of the hydrogen-permeable foll anodes, 30 weight # molten carbon-
ate disks were prepared with 70% coarsely grained magnesium oxide as inert
constituent. This cold-pressed disk had a density of 70% of the theoretical
after firing. Denser electrolyte compositions showed better open-circuit
potential, but under load they polarized more heavily than the 70% density
disk. Thus, 1in the case of foll anodes, where reaction products must escape
through the electrolyte via the cathode, densification of electrolyte would
be detrimental.

With the sintered metal electrodes, especlally those consisting of non-
noble metals,densification of the electrolyte is important and increases both
lifetime and performance characteristics of the fuel cell. Initial experi-
ments with nickel electrodes and 70% density paste electrolyte exhibited life-
times of the order of 100 hours. By increasing the density of paste electro-

lyte to about 80% of the theoretical, IGT has achieved 1ifetimes of 1500 hours.

Increasing electrolyte density also increases both the 1load and open circult
potential by about 200 millivolts. Electrolyte densification can be achleved

by repeated crushing and grinding procedures 1if care i1s taken to avoid metallic

contaminatlion. Also, it 1s advantageous to increase the total carbonate con-
tent of the mixture by the use of small grained (less than 1 micron) magnesi-
um oxide, which has a greater melt retentlion capacity.

Recent experlments, in which cold-pressed and fired disks are heated to
within five degrees of the melting point of the carbonate eutectic and then
hot-pressed at moderate pressures, indicate that disks wlth 96% of the theo-
retical density can be prepared.

The conclusions concerning paste electrolytes are:
» High-density electrolyte pastes are detrimental to the

performance of fuel cells using hydrogen-permeable foll anodes.

®» In all other cases high-density pastes are essential for
achieving reasonable cell lifetimes.

» Cold-pressed disks can achleve a maximum density of about
85% by repetitive crushing and grinding techniques.

» Hot~pressing previously cold-pressed disks at a few
degrees below the melting point causes signifilcant densification to
take place.

NATURAL GAS REFORMING

‘Four modes of operatlion are theoretically possible for natural gas uti-
lization in a molten carbonate fuel cell system:

1) Direct electrochemical oxidation of methane.

2) In situ reforming of methane and steam on the anode, and
?1ectgochemical oxldation of the carbon monoxide and hydrogen thus
‘ormed.

3) In situ catalytic reforming of methane and steam in the anode
ggamb?r ang electrochemical oxldation of the carbon monoxide and hydrogen
us formed.
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4) External catalytic reforming of methane and steam, followed
by electrochemical oxidation of hydrogen or hydrogen-carbon monoxide
mixtures in the fuel cell,

Scheme 1 has been found unacceptable because of the electrochemlcal
inertness of methane even at relatively high temperatures and the occurrence
of carbon deposition when methane alone is present at these temperatures.

Scheme 2 is undesirable because the temperature required for the reform-
ing (750°C.). 1s higher than that needed for electrochemical oxidation of
hydrogen. This places an undesirable high operational temperature handicap
on the fuel cell. Moreover, the presence of excess steam reduces the elec-
trode performance (6). Finally, 1t 1s very difficult to design an electrode
which 1s effective both as an electrochemical element and as a reforming
catalyst.

Scheme 3 1s relatively unexplored-but would be characterized by the same
drawbacks as Scheme 2, except that the electrode would not be required to
function both electrochemically and as a reforming catalyst.

Scheme 4 has been adopted by IGT as the most feasible, since 1t permits
Separate optimization of fuel cell and reformer units. It permits accurate
control of the composition of the input gas to the fuel cell and allows the
cell to be ogerated effectively at substantially lower temperatures (between
500° and 600°C.). The lower operating temperatures for the fuel cell enhance
electrode stabllity and the lifetimes of the materials of construction.

The drawback of separate fuel cell and reformer units 1s a reduction of
the overall system efficiency in the case where the fuel cell 1s operated at
a lower temperature than the reformer. Theoretically, this reduction can be
shown to be about 10% for a reformer operating at 750°C. and a fuel cell
operating at 500°C. The loss in efficlency for the dual temperature system
arises from the unavallability of the low-quality waste heat of the .fuel cell
for supply of the heat of reaction for the reforming operation. In actual
practice other losses might be incurred when two units are used because of the
inefficiency of the heat transfer processes. However, since the 10% reduction
figure quoted above 1s based on the comparison of maximum theoretical effi-
clencles for the two systems and since there 1s a large amount of unused
low-quality heat (500°C.) in the dual-temperature model, it is more likely
that anefficiency closer to the theoretical maximum can be achieved with this
model. :

The higher voltage efficienéies experimentally achieved with the reformed
mixture more than compensate for the engineering and theoretical losses
resulting from the dual system mode of operation. In Figure 3 a comparison
1s shown between the performances of a fuel cell at 500°C., supplied with
externally reformed natural gas, and of a fuel cell at T750°C. with the equiv-
alent methane-to-water ratio for in situ reforming. Also shown in this
figure 18 the experimentally observed ratio of efficlencles of the two systems.
This ratio was computed from the products of the experimental Faradailc
efficiency and voltage efficiency of the two cells. Thermal inefficiency 1s
not considered in this figure. It 1s significant that with external reform-
ing, performance in terms of efficiency 1s almost 2.5 times greater at
practical current densities.

Reformer design for natural gas .is well known,and msny excellent reform-
ing catalysts are commercially available. The costs of these catalysts and
the corresponding reformer units are only a small fraction of fuel cell hard-
ware costs. The incorporation of the reformer into the natural gas fuel cell
system 1s readily achieved. .

It may be concluded that the use of external reforming with natural gas
molten carbonate fuel cells seems justified on the basis of the improved
experimental performance of this system over in situ reforming, as well as
the more moderate operating temperatures i1t imposes on the fuel cell.
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BATTERY DESIGN AND SCALEUP

The progress made in other areas of the molten carbonate fuel cell
development indicated that some attentlion should be glven to the problems
assoclated with battery design and scaleup. The first step in the process
was the assembly of a battery consisting of several small laboratory cells in
series (Figure X). No difficulties were encountered in this relatively simple

transition, and next the more formidable problem of scaleup was attacked. The.

long-life performance of the silver film cathode and palladium-silver foil
anode indicated that these particular compounds were the best adapted for
scaleup techniques. The greatest problems were expected with increasing the
size of the electrolyte disks from the 3-inch diameter laboratory disks to
the 6-1inch square dimensions chosen for the battery development program. In
order to achleve the same electrolyte properties developed with the smaller
cells a one million-pound press was required for the paste electrolyte fabri-
cation. Speclal die fixtures were designed,and the larger electrolyte bodles
were fabricated without difficulty.

Components for the new battery are shown in Figure 5, and a ten-cell
battery built from the components is shovn in Figure 6. The battery 1s assem-
bled at room temperature and moderately tightened. It 1is then heated to
600°C.,and the final sealing 1s accomplished when the paste electrolyte i1s in
a semisolld state. The battery can now be thermally cycled between ambilent
and operating temperatures without damage or further adjustment. A 100% leak-
tight assembly has not yet been achieved, but this represents only a slight
loss in fuel efficiency. Complete sealing 1s anticipated in future designs.

As seen in Figure 5, the cathode compartment is open to the atmosphere.
This design feature 1s essential for any practical molten carbonate fuel cell
system. The mode of operation of the. battery is a direct carryover from the
laboratory models and 1s shown schematically in Figure 7. A portion of the
incoming methane 1s burned directly in a burner underneath the fuel cell
battery. Another portion of the methane is passed through activated carbon
to remove sulfur compounds and, after steam addition, through the reformer
containing commercial nickel catalyst. - .

The hot flue gas, containing excess alr, carbon dioxide and water, rises
by natural convection;in passing by the reformer, the flue gas drops in
temperature to sustaln the endothermic reforming reaction. The flue gas then
enters the open cathode chambers, rises through the fuel cell, and supplles
the oxygen and carbon dioxide needed to maintain the cathodic reaction. The
water vapor in the flue gos hoeg no edverse effect on the fuel eerll reaction.
To conserve fuel and carbon dioxide, the spent anode gases should be recycled
to the burner. :

Battery performance is shown in Figure 8. Faradalc efficiencies as high
as U0% have been achleved 1n thils apparatus although complete system efficien-
cles, as might be expected in such a smsll battery, are very low.

Some conclusions arrived at in battery design are:

» Operation of a multiple-cell battery molten carbonate
fuel cell has been demonstrated. :

» A mode of operation comprising a gas burner-reformer-open
cathode fuel cell has been defined.

ECONOMIC EVATLUATION

In order to evaluate the economiés of a fuel cell system both its appli-
cation end design must be considered. Von Fredersdorff (12) has outlined the
economics of the domestic fuel cell application in considerable detall, In
this sectlon a brief description of the economics of fuel cell hardware as a
function of 1ts operating characteristics will be presented. The cost of fuel
cell hardware depends on the cost of materials and cost of manufacturing.

2l
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Since manufacturing costs are difficult to estimate at thls early stage of
development, only the material costs for the most recent IGT design wlll be
evaluated. The design niodel 1s similar to that described in the last section,
with two significant changes. WNickel electrodes are used in place of the
expensive silver-palladium foll and a parallel, dual element, geometry 1s
chosen in place of the bipolar flange. The effect of this last change is to
eliminate the flange completely from the fuel cell design, using the electrode
itself as a structural element. ’ .

In Table II, the itemized cost of the various materials used in the IGT
battery are given. These costs, plus the costs of fittings and an additional
10% of the total to cover miscellaneous materials, were used to compute the
curves In Figure 9. 1In this figure battery material costs are plotted as a
function of current density at constant voltage for various single-cell
potentials. The dashed line represents the IGT fuel cell performance curve.
Since fully manufactured batteries at $300 per kilowatt are reasonable for
domestlic fuel cell applications, an 1ncrease. in cell performance by a factor
of about two 1s necessary.

It may be concluded that only moderate improvements in voltaege~current
characteristics of the molten carbonate fuel cells are required to bring them
within the economic framework of domestic applications.
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Table I.-PERFORMANCE OF POROUS NOBLE METAL ANODE FILMS

Perfomah.;‘lce Decay, *

Anode Preparation Cell
Materlal Method 90% 5% Lifetime, hr.
Pt Paint 15 85 108
Ag-Pt Paint 4 17 41
Pt Paint 4o 57 66
Pa Paint 26 60 138
Pd Paint 17 42 95
Pd Paint 15 45 72
P4 Vacuum 100 Not 293
Deposited Determined
* Time to reach 90% and 75% of initial performance
Table II.-FUEL CELL HARDWARE COSTS
Material ' Cost
Electrolyte paste - 100 mil thick $ 0.37/8q. ft.
{Mg0-Na200a-K2C0a~11,C04a)
Nickel anode ~ 25 mil thick 0.14%/sq. ft.
Silver cathode - 0.4 mil thick 0.43/8q. ft.
Carbon steel anods current 0.16/8q. ft.
collector - 18 GA.
Stainless steel cathode current - 1.18/sq. ft.

collector - 18 GA. )
Stainless steel frame - 125 mil thick 0.14/ft.
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Fig. 4,-LABORATORY SIZE IGT HIGH-TEMPERATURE
FUEL CELL BATTERY
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-IGT HIGH-TEMPERATURE FUEL CELL BATTERY
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